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Practical Considerations in Applying
Laboratory Fracture Test Criteria to the
Fracture-Safe Design of Pressure Vessels

W. S, Perunt ann P P Puzak
Metallurgy Division

Trends in pressnre vessel applications involving higher pressires, lower service temperatures,
thicker walls, new materials, and evelic loading veguire the development of new bases in the supporting
scientilic s techmolagical aveas. This report presents a "broad look™ analysis ol the opportinities
1o apply new scientilic approaches to Tractressale design in pressure vessels and ol the new problems
that have arisen in connection with the utilization of higher strength steels. These opportonities Tollow
lrom the development of the acture analvsis diagrant which depicts the velationships ol law size and
stress leel tor fractnre in the transition vange ol steels which have well-delined tansition temperatnre
features. The velerence criteria Tor the use ol the Tractre analvsis diagean is the ND'F remperatnre ol
the steel, as determined divecthy by the drop-weight test or indivectlv by correlatian with the Charpy
Vatest, Potential dilficnlties in the convelation nse of the Charpy Votest are dedneed 1o vequire engineer-
ing interpretation of Charpy Votest data vather than to involve basic birriers to the nse ol the test.

he vapid extension of pressure vessel Babrication 1o Q&1 steels is expected to provide new problems
ol Tractoressale design. “Fhese derive from the susceptibilities of steels within this Lamily o 1ear Irae-
tres of low energy absorption. This fractine mode does nat involve avansition iemperatnre and is
therelare relatively independent of temperatire. [t is emphasized that snch sasceptibilities are not
mherent to the Tamily of QR steeks ol low and intermediate strength levels, bneare velated 1o specilic
metalhirgical conditions of the plite and particularly the HAZ (heat-allected-zone) vegions of Q&1

steel weldments.,

INTRODUCTION

As a preface to the presentation of this paper,*
it is fiing to reflect on the technological wends
i the fabrication of pressure vessels and on the
evolution of technical knowledge for fracture-
safe design. A decade ago the technology was
based almost entirely on the fabrication of vessels
constructed of low strength, as-rolled or normal-
ized steels for low pressure applications. Williams
(I reports that more pressure vessels for the pres-
sure range 1500 psi to 15,000 psi lave been fabri-
cated in the past few years than in the past two

decades. A related trend is the increasing use of

hgh strength quenched and tempered (Q&T)
steels for the fabricaton of vessels for both low
and high pressures. A decade ago there was no
fracurre-safe  design approach—in s place
the safety of pressure véssels was predicated en-
tirely on fabrication and service experience,

NRE Problem Mi3-01; Projeas RR O07-01-16-51 14 and SR 007-01-
01-0850, 0851, This is an imterine report on one pliase of the problens;
work is continming. Manuservipt submitied Ocrober 15, 1963,

F'his paper was prepared Tor presentation 1o the Symposinm on
Behavior ol Pressure Vessel Materials, 1963 ASME Winter: Aunnal
Mecting, November 17-22, 1963, Philadelphia, Pennsylvania.

intuition, and conservatism. The general accept-
ance of the concept that no laboratory notch
test could be developed or adopted for “determin-
ing the transition temperature ol a structure”

cast a pessimistic outlook on the possibilities of

developing a practical  fracture-safe  design
approach.  This  oversimplification  completely
missed (he fact that the steel does not establish
a spectlic transition temperature for a structure

(te, a lracture temperature) but a range of

temperatures within which fracture could occur
(or not) depending on the flaw size and stress
conditions of the structure. In effect, the labora-
tory notch specimens were expected o perform
an obviously impossible task.  Such thinking
clearly reflects on the state of technical knowl-
cedge of the time. Today there is a greatly im-
proved understanding  of  these aspects, and
practical - fracture-safe  design  principles  have
been developed (2). These principles confirm
past experience and clarify the premium derived
from fabrication, design, and inspection quality.
As such, they provide opportunities for increasing
design efficiencies and  decreasing metal costs

by reduction of unnecessarily high factors of

safety deriving from uncertainty.
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These advances represent the start rather
than the end of the development of fracture-
safe design  principles. They are applicable
to steels of relative metallurgical and fracture
simplicity, we., low strength steels for which the
primary fracture problem is inherent o their
transition with decreased temperature from duc-
tile (shear) to britde (cleavage) fracture. While
we have advanced i these respects, we are far
behind in understanding aud in the development
ol similar practical procedures for the more
complex steels of the ugh stwrength class. These
steels are suscepuble o fracure of a noncleavage
type e the plates, welds, and heat-aflected-zones
(HAZ) at moderate temperanes, as well as 1o
cleavage britdeness at low temperatures. Thus,
the general outlook for the iwmediate futwre s
that technical suceess in one area has been conn-
tered by the rapid entry into new areas for which
the available teclmical  knowledge 15 grossly
madequate. Moreover, some of the experience
and intuitive background which provided broad-
front engineering design guidance for the low

strength steels is not pertinent to the new class
of high swength Q&T steels. A minor example
is the general insistence for stress relieving of
welded Q&T steel vessels intended for service
at temperatures above the transition range of
the steel. This follows from past experience that
stress reliel was benehicial for pressure vessels
of the low strength steels used at temperatures
below  their wansition. It represents misplaced
intuttion that past experience applies generally
to all new steels. For some of these Q&T steels,
stress reliel is actually detrimental to the fracire
toughuess ol plates, welds, and HAZ, Thus, we
are coping with new and relatively unknown
problem areas while carryig a burden of unwar-
ranted practices which derive from iapplicable
past experience.

These mvroductory  generalizations may  be
tied to reality by consideration of a spectrum of
potential - fractwre  characteristics  of - pressure
vessels illustrated in Figs. 1o 5. These illustra-
tions dramatize characteristically difterent failure
modes which may be related to the fracture

Fig. | - Fragmentation fraclure of a seamless tube, high pressure, compressed-air flask developed at a \lemperature 10°F
below the NDT of he steel. The failure occurred under pneumatic loading during a romine 1es1 for air-leaks.
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surface appearances and, in turn, to the type of
steel and method of fabrication.

Figure 1 illustrates the “shautering” expected
for pneumatically loaded vessels which fracture
at temperatures below or near the nil-ductility
transistion (NDT) temperature ol the steel. At
these temperatures the fracture surfaces display
the classical “square break™ (no appreciable shear

lip) and the cleavage appearance normally associa-

tedd with britde fractures ol conventional, low
strength steels. In contrast, the failure of hydro-
statically loaded  vessels at temperatures below
or ncar the NDT results in fractures mvolving a
few large picces, Fig. 2. The Tracture surface
appearance is identical to that of the pneumatic
load failures.

Figure 3 illustrates the nature of brittde frac-
tures at temperatures in the order of 50° 1o 60°F
above the NDT temperature of the shell plate.
At these temperatures the Fracture surface s
similar 1o the Tailures in Figs. 1 and 2, except
for 1/8-in. to 3/16-in. shewr lip borders w the
plate surfaces. The increased energy absorption

provided by the shear lips prevents multiple
forking of the fracture and limits it 1o a single
or few branches in the direction normal to the
principal applied stress. The fractured  vessel
hangs together if the internal loading is hydro-
static or separates into a few large chunks if the
loading is pneumatic. Such Fractures have been
relatively rave because of the unlikely combination
of large flaws and high stresses required for
fracture initiation at temperatures of 50° to
60°I" above the NDT.

Figure 4 illustrates @ fracture which, at first
glance, resembles the Fig. 3 type, but which is
characteristically  dilferent in that the fracture
path followed the weld HAZ. Such Iractures may
occur in Q&T steel vessels which feature high
plate fracture toughness. This behavior is not
inherently characteristic of Q&T steels as a Family,
but derives from improper (specific 1o the steel)
welding conditions or stress relief heat ueatments
which degrade the HAZ fracture toughness.
In this case the fracture surfaces do not involve
cleavage but a form of low energy absorption
tearing, to be discussed.

Fig. 2 - Hydrosiatic est fracture of a welded and stress relieved pressure vesset developed at
atemperature 10°F below the NDT of the steel
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Fig. 3 - Hydrosiaic 151 fraciure of a welded and siress relieved pressure vessel at a iemperaiure of 50°10 60°F
above the NDT of the nozzle and plate manerials. The arvow indicates the location of a 6-in. fatigue crack
which iitated the fracture during a low cyele fanigue test.

Figure 5 illustrates the fracture of a rocket
case fabricated of ultrahigh strength (190 ksi
vield strength) Q&T steel characterized by low
energy absorption tearing in the sheet material.
From a metallurgical and fracture pomt of view,
the fatlure mode is the same as that of Fig. 4;
the only difference is that the fracture path is
entirely located m regions removed fronr welds
or HAZ. Similar performance niay be expected
of thick walled pressure vessels constructed of
steels of equivalently low  fracture  toughness.
An carly discussion of the low energy tear problem
was presented by the authors in 1956 (3), and
fater corroborated by service failures of heavy
steel forgings at elevated temperatures  (4).

The first sections of this paper have been
structured to present a review of the principles
of fracture-safe design for the transition temper-
ature fracture mode, ie, the classical “britde
fracture” problem. Following sections  present
discussions  of limitations to  the immediate
extension of these principles based on Charpy V
test criteria (correlations to the NDT) to all
types of steels which are potentially subject to
brittle fracture. These lmitations arise  from
complications in the interpretation of Charpy V
(Cy) data for a wide variety of steels. A summary
of available NDT data for steels of pressure vessel

interest 1s provided also for reference purposes.
The final section presents discussions of the
fracture problent of pressure vessels constructed
of steels which are potentially subject to both
brittle fracture and to low energy tear fracture,
depending on the temperature of service.

SIGNIFICANCE AND PRACTICAL USE OF
THE FRACTURE ANALYSIS DIAGRAM

The origin of the “classical” brittle fracture
problem 15 the decrease in fracture toughness
resulting from a change in fracture mode from
high energy absorption ductile tearing to low
energy absorption cleavage fracture in a rather
narrow range of temperatures. The full span of
the transition 1s in the order of 120°F. However,
the transition span from an “intermediate” to
a “very low” level of fracture toughness, which is
the transition range of engineering interest for
conventionally loaded structures, occurs over a
range of 10°1060°F depending on the stress level.
For example, the World War 11 ships (which
represent examples of relatively low stress loading)
fractured extensively and in large number at
temperatures of 30° to 50°F, but not ac all at

temperatures  above  70°F. The “sharpness”
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Fig. 4 - HAZ “low-energy tear” fracture of a welded and stress relieved Q&T steel pressure vessel resulting
from high hydrostatic test pressurization in the presence of a fatigne induced crack

Fig. 5 - “Low energy tear” hydrotest fracture of a welded
and full Q&T hear weated rocker case. The fracture
initisted from a flaw in the cirenmferential weld and 1hen
propagited cutirely in the plate (sheer) naterial,

of the transition effect provided opportinities
for devising laboratory test methods for identi-
ficaton of the transition temperature range of
specific steels and  thereby  for application of
this information to engineering design.

Fracture-safe design of steel structures may be
based on preventing fracture initiation or on pre-
venting fracture  propagation.  Until recently
there was considerable contention as o the
relative merits of the two approaches. The
“fracture analysis diagram,” Fig. 6, serves to
unify these approaches into a coherent analytical
scheme,* as illustrated by the generalized stress-
temperature curves for both crack-arrest and
fracture initiation. For temperatures above the
A detailed discussion of the Fractire analysis diagrant and iis valida-
tion lias been presented previously by the authors (2), “Fracture Aualysis
Diagram Procedures for the Fractnre-Safe Engineering Design of Steel
Structures.” Prior reading ol this report is assumed for the purposes
oFthe present discussion.
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Fig. 6 - Generalized fractnre anabysis diagram, as relerenced by the NDF temperature

crack-arrest-temperature (CAT)  curve,  briule
fractures are indicated 10 be prevented by the
“crack-arrest” properties of the steel. This signi-
fies a degree of fracture toughness sufhicient 1o
arrest the propagation of a britle fracture trans-
lated through a brittle plate welded 10 a “test”

steel. ‘The CAT approach avoids questions of

flaw-size and stress requirements for fracture
initiation by restricting the use of steels to temper-
atures or 1o stress levels of “no propagation.”
This simplicity was particularly appealing prior
to the development of adequate relationships
of flaw size, stress, and temperature represented
by the family of fracture initiation curves of the
fracture analysis diagram.

The CAT approach has the advantage that it
requires a  mininmn of engineering  analysis
and the disadvantage that it “forces” the selection
of more expensive steels of 30° 10 60°F lower
transition temperature than actually required for
many applications. The fracture analysis diagram
makes it evident that the justification for the use
of the CAT curve in design relates to conditions
involving the presence of extremely large flaws.
The flaw conditions to be expected in pressure
vessels cover a wide gamut depending on fabrica-

tion quality and service conditions. Moreover,
the mfluence of such factors as stress relief,
fatigue crack growth, and wall thickness have
importamt bearings which can be analyzed 1o
cconomic advantage. With this point of view the
CA'T approach may be recognized more properly
as a “backstop”™ procedure 1o be applied when
engineering analysis dictates the use of nonprop-
agating steels rather than as a uniquely separate
method which avoids the need for engineering
analysis of flaw size conditions.

The use of the diagram depends on the accurate
determmation of the NDT temperature. This
may be accomplished directly by the standard
drop-weight test method (5,6), or indirectly by
the Cy test. The usefulness and limitations of the
Cy test for such correlation purposes requires
clarification. There is a considerable danger that
misapplications will result for steels which have
not been subjected to correlation studies.

The fracture analysis diagram provides a frame
of reference for engineering analysis and for the
application of intelligent engineering judgment.
The family of fracture initiation curves direct
attention to the “quality” aspects of the vessel
with respect to possible flaw sizes and also to the
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clfective levels of stress acting on the flaws. The
mcrease in the stress level of the fracture initi-
ation curves with increasing temperature above
the ND'T divects attention to the transition temper-
ature of the steel. The following factors must be
considered in the analysis and judgment process:

(1) What is the Targest flaw size expected in the
vessel as fabricaued? The answer to this question
mvolves judgment based on the quality of inspec-
tion and of the control procedures used duving
labrication.

(2) What is the level of stress acting on the flaws
considered to be present at various locations?
For flaws located in the smooth cylindrical arcas
ol the shell, the stress level is imdicated by a
suitable vector of the PD/20 design stress. For
flaws located at nozzle openings, the ellective
stress level will vary with design quality. In the
absence of stress relief, small flaws located in
the weld regions should be considered to be
subjected 1o near vield level residual stresses.

(3) What contributions to flaw size enlargement
are expected due to eyclie (fangue) loading?
The amswer to this question vequires consideration
ol prior deductions of items (1) and (2) for
positions of  potential fatguc action. A small

flaw that is located, or developed, in the region of

plastic stress loading should be expected to result
in low cyvele fatigue growth o a size that is estab-
lished by the thickness of the section, if fracture
does not termimate the growth process.

From a fracture analysis pomt ol view the
primay clement of conern is not necessarily
the PD/20 design stress but the linting (most
severe) Tl size and stress combination ol the
vessel as a whole. In the absence of stress velief,
small in zones of weld vesidual
stress should be considered as the limiting combi-

flaws located
nation of flaw size and stress for temperatures
below the ND'T. For this combimation, fractures
may develop for PD/2t stresses of extremely low
or zero value (as for the case of spontancous
fracture) because the additional general level of
“locked in” stresses may provide for propagation,
Le., may exceed the 510 8 kst minimum vequired
by the CA'T curve for propagation at temperatures
below the NDT. This limiting combination may
be eliminated from consideration by the use of
stress reliel. Creep flow relaxation at stress re-
liel temperatures results in deereasing the level
of stress in the weld zones to levels that are o
low for fracture initiation due to the small flaws.

o stress relief cannot be applied, as for large
vessels and for field erection, vecourse may be
made to limiting the service to temperatures
above the ND'T. This approach is based on the
fact that the initdation curve for small flaws
vises sharply at temperatures above the NDT to
levels of stress which correspond to the develop-
ment of gross plastic deformation. This cvent
camnot result {rom the addition of residual and
load stress systenis but requires the application
of plastic overloads, ie., very high PD/2t stress
levels. There are two  practical methods for
assuring that the service temperature does not
fall below the ND'F: insulating and heating the
vessel for the steels of high NDT, imd the selection
of a steel of ND'T below the lowest anticipated
SCIVIce temperature,

It has been proposed that safe performance to
tempervatures below the NDT may be assured
in the absence of thermal stress relief by the
application of “hot” pretests, that is, by loading
at temperatures near or above the CAT curve.
Depending on the transition temperature of the
steel this “hot™ pretest could be cold by atmos-
pheric temperature standavds. The intent of
“hot™ pretests is to cause the small flaws to yield
at the flaw up, theveby vesulting in a local velief
of vesidual stresses and a blunting of the orack
tips. This procedure effectively places the ve-
sidnal stress level acting on the flaws to some ow
level which requives the presence of velatively
lvge flaws for fracture mitiation. The method
has been shown 1o be effectuve experimentally
(7). e is particularly applicable to - pressure
vessels because of the mvariant  direction of
loading. 1t is not applicable to structures which
mvolve o spectrum of service load  divections
which cannot be veproduced in “hot” pretests.

Safe operation below the ND'T, based on stress
reliel or *hot™ pretest protection requives that
there be no flaw size and stress combinations of
a critical nature other than the described small
flaw and residual stress combination. For'example,
nozzles which may be stressed in the vange of
1/2 yield stress 1o yield stress levels (depending
on design detail) must not contain or develop
(fatigue) flaws which range from the 1-1 10 the
<I-in. sizes vespectively. The dependence of
fracture safety on the design and fabrication
quality o nozzles is immediately apparent. A
poorly designed nozzle which develops yielding
at normal PD/2tshell stresses is subject to fracture




initiation due to the presence of a very small
crack if the service temperature falls below the
NDT of the nozzle. In fact the jeopardy is twofold,
because such levels of stress may be expected to
induce low cycle fatigue cracking. This process
is then quickly terminated at hirst signs ol latigue

cracking by catastrophic terminal fracture of

the vessel, provided the shell CAT (NDT +
30°F) exceeds the service temperature, that is,
provided the shell does not have crack-arrest
properties at the temperature involved.

The most severe  service conditions  for a
pressure vessel involve the combination of high
PD/2t stress levels and cyclic loading. Safety
may be provided for such conditions by the
“leak before fracture™ approach. For purposes
of discussion, let us assume that the stress level
of the nozzle av high PD/2t shell stresses is at or
above yielding. This condition would be difficult
to climinate in practice even with the best of nozzle

designs. Leak before fracture can be assured if

the flaw size at the time of penetration to the
exterior of the nozzle is less than the critical
size for fracture initiation at stresses equal to or
exceeding yielding. It is apparent that the flaw
size at leakage is directly related to the wall thick-
ness of the pressure vessel. Thick walled vessels
with large nozzles could develop very large
flaws, and conversely thin walled vessels could
develop only small flaws. The fracture analysis
diagram illustrates that the flaw size for fracture
initiation at yicld stress levels increases from
approximately 8 in., to 1 1, to over 2 ft for respec-
tive temperatures of 20°, 40° and 60°F above
the NDT temperature. As noted  previously,
the criical flaw size for the same level of stress
at temperatures cequal to and less than NDT is
less than I in. Depending on the wall thickness
of the pressure vessel, leak fracture
performance may be designed by sclection of
steels with NDT temperatures of 20°, 40° or
60°F below the lowest service temperature.
Converscly, temperature control could be ap-
plied by heating of the vessel to accomplish
similar results.

Pncumatically loaded pressure vessels con-
taining very large flaws provide an interesting
example of interpretation of the fracture analysis
diagram. The previous report (2) presented a
detailed discussion of burst tests of pressure
vessels provided with external shit-flaws of suffi-
cient length and depth to result in bulging of

before
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the flaw area. These tests demonstrated that
fractures were obtained at temperatures above
the CAT with pressurization equivalent to con-
ventional PD/2t shell stresses. The bulge which
results from the loading of a pressure vessel
containing a large flaw indicates that the sig-
nificant level of stress is not that given by the
PD/2t calculation but that ol the plastically
deformed bulge region. Fracture initiation re-
sulting from the development of bulging may
be expected for pressurization by hydrostatic
or pneumatic means; however, the propagation
of the fracture at temperatures above the CA'T
is quickly arrested for  hydrostatically loaded
vessels. ‘The reason for this is the almost instan-
tancous drop in pressure resulting from  the
loss of a relatively small amount of the highly
incompressible fluid. Pnenmatic loading results
in complete fracture irrespective of the tempera-
ture above the CA'l because the plastic instability
is “self aggravaung” after a rupture is started
and the length of flaw is enlarged. This results
from the fact that the highly compressible fluid
exerts a continuing “bulging” pressure during
the course of the propagation.

Additonal examples of fracture propagation
at temperatures above the CAT are provided
by burst tests of two scamless tube air flasks.
Details of the vessels and the sharply notched,
machined shits are illustrated in Fig. 7. Both
vessels were constructed of a Q&T chromium
molybdenum steel of the ASTM A336 F22 1ype,

as follows:

Chemical Composition

Flask Composition (Wt-%)
No.l ¢ M| Si| P S | Ni|Cr{ Mo
E71 [0.12 10.42]0.24 [ 0.006 | 0.0100.07(2.2[0.99
E75 10.13 {0.41]0.26]0.008{0.010)0.1812.3}1.05
Tension Test Data
Flask 0.505-in, — Dia. Tension Test Data
No. 02%YS. | TS. El.n2in. R.A.
(ksi) (ksi) (%) (%)

E7] 84.3 100.9 75.8 22.5
E75 96.3 111.8 74.4 20.8

The burst tests were conducted at 48°F (E71)
and 55°F (E75) and resulted in totally dilferent
fracture modes, as illustrated in Fig. 8. The
first step in the fracture process for both vesscls
involved the development of an elliptical bulge
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Fig. 7- Features of deliberately flawed pressure vessels nsed for pnenmatic load burst tests

over the length of the flaw and the tensile *neck”
riupturing of the bottom of the sht. At this point,
the bulge regions “opened” and the flaw ends
were subjected o very high plastic load stresses.
The rupture of flask E75 started and propagated
i its entivety as a 45° shear tear. That of flask
E71 started and propagated as a britle fracture
with 1/8-in. shear lips, as illustrated schemati-
cally in Fig. 7.

The fracture analysis diagram predictions for
the modes of fracture, fracture surfaces, and
cflective level of burst stresses are indicated in
Fig. 9. The PD/2t stress levels at burst merely
indicate the stresses required to develop the
tensile neck ruptures and are of the same order
for the two flasks. The NDT of the E75 flask
was -70°F, which is [25°F below the burst test
temperature. Accordingly, the fracture analysis
diagram predicts that flask E75 should be expected
to fracture in shear mode with an eflective stress
level in the order of the ultimate tenstle strength
of the steel. The NDT of the E71 flask was 0°F,
which is approximately 50°F below its burst test
temperature. Accordingly, this flask should be
expected to fracture in a brittle manner with

heavy shear lips and with an effective burst stress
of a relatvely high plastc level, but below the
ultimate tensile strength of the steel. The frac-
ture modes of both vessels were predicted exactly
by the NDT location of the fracture analysis
diagrams with respect 1o the burst test temper-
atures. The effective burst stresses were indicated
indirectly by the degree of bulging in the flaw

arcas—the E75 vessel developed a considerably

larger bulge than that developed by the E71
vessel.
CAT determmatons for both of these air

flasks were conducted (8) at the Culcheth Reactor
materials Laboratory in the United Kingdom.
The curved sections of stecls that were furnished
from these flasks required flattening for the CAT
tests, and a possible slight rise in transition
temperature may have resulted (no flattening
was required for the NDT tests). The CAT
data for both air flask sieels are presented

Fig. 10, in comparison to the CAT curves pre-
dictions of the respective fracture analysis dia-
grams. The CAT (40 ksi stress) predicted by the
NDT-derived fracture analysis diagrams of
the two steels were approximately -50°F (E75)
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Fig. 8 - Illustrating the general mode of failure of pneumatically loaded pressure vessels tested in the presence
of large flaws. Top: brittle fracture with 1/8-in. shear lips developed by flask E71. Bowom: full 45-degree shear
rupture developed by flask E75.

and +30°F (E71); these are noted to be in excel-  The Charpy V data for the two air flask stecls,
lent agreement with the CAT ranges of these presented in Fig. 11, represent a composite of
steels determined experimentally (crosshatched NRL and RML data, which are noted to be in
regions). good agreement. Figure 12 presents Cy energy,
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FRACTURE DIAGRAM PREDICTIONS
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Fig. 9 - Fracture analysis diagram predictions of failure modes and elfective stress fevels for the deliberately
Hawed and pnenmatcally burstaie Basks E75 aud E71
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Fig. 10 - Comparison of CA'T test data (by RML) to predictions of CA'T by the fracture analysis diagram
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fracture appearance, and lateral expansion curves
with notations indicating NDT and burst test
temperature  relationships o these  curves, It
is obvious that not only the Gy energy but also
the other Cy criteria failed to provide a uselul
index Tor estimating the pevformance ol these
two  llasks. The “usual” interpretation of all
three types of Gy vansition curves wonld have
resulted in predictions ol similav fracture modes
lor the two steels. The engineering signilicance
ol this correlation Tailure by the Cy o test will
be analyzed ina later section in context ol dis-
cussions of the potential use ol the Gy test for
indirect NI or CA'T determinations.

The foregomg discussions illustrate that the
concepts of the fracue analysis diagram do not
direct the design and Tabrication of  pressure
vessels 1o novel or radical procedures. To the
contrary, they provide means to make quanti-
tative much of what has previously been either
qualitative, intuitive, or instinctive i the design
of pressure vessels. A recently published expres-
sion of simil views by F. S, G. Williams (1)
is particularly noteworthy because ol the breadth
ol practical experience that he brings to a review
of the procedures, as well as his long-time associ-
ation with the pressure vessel regulatory Code
Bodies. He states that the fracture analysis dia-
gram “gives demonstration to the concept that
has been instinctively used, namely, that as the
level of quality assurance by nondestructive
testis mereased, the design stress can be increased
up to the Tull capabilities of the material, and
that conversely, as the level of quality assurance
is decreased, salety can be protected by decreasing
the allowable working stress used i the design.
While this does not guard against careless work-
nuship, 1t does set a pattern for engineering
thinking that is sound and pretty well supported
by experience.”

It should be noted that these observations
relate to the allowable design stresses for temper-
atures within and below the transition range of
the steel. Thoughtful consideration of the lrac-
ture analysis diagram will disclose that it does
not specifically restrict the use of steels to temper-
atures above an arbitranily designated temper-
ature. This limitation is inherent to the CAT
approach which inflexibly categorizes the limit
of salety on a crack-arvest-temperature basis.
The fracture analysis diagram permits the use
of steels at temperatuves far below crack-avrest
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and NDT temperatres, provided that cvitical
combinations ol flaw size and stress level are not
attainced or exceeded. Thus, the designer is pro-
vided with a choice ol lmiting the working
stress or ol using steels of lower NDT temper-
atures, Inarriving at a choice, it is essential that
the fabrication and design quality,and the stress
level and transition temperature be considered
as mterdependent (not independent) elements o
the design cquation. These  design wradeolls
are explicit to the intelligent use ol the Trac-
ture analysis diagram.

BACKGROUND OF THE
DEVELOPMENT OF
SERVICE PERFORMANCE
CORRELATION PROCEDURES
FOR THE CEEARPY V TEST

Previous discussions have highlighted the amaz-
ing “sharpness”™ of the tansiton temperature
range which separates “high” and “low” fracture
toughness behavior of steels. It s this feature
which makes it possible to consider the use of a
simple notch-bend bar such as the Cy specimen
to define the temperature scale location of the
criical temperature range. A wide variety of
simple specimen designs could be made 1o fu
this purpose by correlation of results with service
failures, or with a reference wansition of direat
design significance such as the NDT temperature
or CAT. However only two notch-bend bar
specimens, the Charpy Vand the Chiarpy Keyhole,
have been reduced 10 common usage. Of these
two, the Charpy 'V has the desirable auribute
of developing a smooth transition curve of the
type requived for correlation ol an energy index
point to a reference transition temperature. The
Charpy Keyhole energy curve is discontinuous,
mvolving high energy and low energy branches
connected by a wansition “scatter band;” such
a curvedoes not lend itsell to correlation usage (9).

It should be noted that these observations
relate to the allowable design stresses Tor temper-
atures within and below the transition range of
the steel. Thoughtlul consideration of the frac-
ture analysis diagram will disclose that it does
not specifically restrict the use of steels 1o temper-
atures above an avbivravily designated temper-
ature. This lmitation is inherent to the CAT
approach which inflexibly categorizes the limit




of safety on a crack arrest temperanire basis.
The fracture analysis diagram permits the use
of steels at temperatures far below crack arrest
and NDT temperatuves,  provided that critical
combinations of flaw size and stress level are not
attained or exceeded. Thus, the designer is pro-
vided with a choice of limiting the working
stress or of using steels of lower ND'T temper-
atures. In arriving at a choice, it is essential that
the fabrication and design quality, and the stress
level and transition temperature be considered
as interdependent (not independent) elements of
the design  cquation. These  design  tradeofls
are explicit to the inelligent use ol the frac-
ture analysis diagram.

During the World War 11 (WW2) period, the
catastrophic fracture of ships raised the relatively
obscure problem of brittle fracture to a imelight
of a natonal calamitv. This problem provided
stimulus, funds, and a backlog ol service casu-
alsies which placed the Gy test in the temporary
position of a primary “standard™ for the defini-
tton of a significant transivion temperature. Thus,
the 1940's marked the emergence of the Cy
test from the position of a rescarch laboratory
tool (the Kevhole test was then the engimeering
standard) o a position of unwarranted engineer-
mg usage for definmg the transition temperatures
ol steels based on a ft-Ib number which was con-
sidered to apply imvariantly to all sieels.

For the WW2 ship plate steels (which repre-
sented  as-rolled, semukilled, or rimmed  steels
of refatively low Mn/C ratios) it was well established
(10) that fracture “source,” “through,” and “end”
plates of the fractured ships could be related 1o
speaific ranges of Gy energies at the temperatures
of service fatlures. Brieflv, the WW2 ship steels
did not act as Usource” (fracture mtiators)
temperatures above the 10-ft-lb Gy transtion.
Similarly, the 20-fi-Ib Cy transition temperature
was found to represent the highest transition
temperature of fracture “through” (propagation)
hehavior. A popular concept then derived that a
desirable criterion of comparison of steels was
the 15-ft-lb Cy temperature. Accordingly, esti-
mates of decrease of the transition temperature
resulting from alloy and heat treatment variables
were based on the Cy 15-ft-Ib criterion on the
erroncous assumption that it should be appli-
cable generally to all steels.

In the carly 1950's, the authors conducted
extensive studies of the correlation of NDT
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temperatures with Gy transition curves of WW2
steels.  These  studies  disclosed  an  excellent
correspondence with the 5 to 10 ft-lb Gy wan-
siion (11-13). This was an exact agreement with
failure data for the ship fracture “source” plates.
In other words, the drop-weight test NDT conld
be used to predict the fracture initiation tem-
peratures of these steels. Pxtensions of these
studies to - fully Killed steels, of higher, Mn/C
ratios and other heat treatable steels disclosed
that the correlation between NDT and Cy- energy
varied with the type of steel (3,12,14) and in-
volved higher energy positions on the Charpy
curve. In eflect, the ND'T test indicated that the
“mproved™ steels could act as “initiators™ at
temperatures as high as thewr Gy 15, 20, and 35
[t-Ib energy. Thus, the Cytest 15-ft-lb transition
criterion was - overestimating  the  decrease in
transttion temperature of the improved steels as
compared to the WW2 steels. These carly findings
by the authors were first viewed with considerable
suspicion but were validated (11-13) by new
service failure data and CA'T” data developed in
the middle 1950's. There is now general accept-
ance that all steels cannot be evaluated on an
invartant Gy energy basis.

The 1960% opened with the Gy test securely
entrenched as the manonal and  international
engineering standard of comparison of transition
temperatures of steels. By this time, the applh-
cation of ND'T and CAT concepts had found
considerable interest and use in engineering
design. Also, i wide vartety of new steels featur-
ing distnctly novel alloying and heat treatment
practices appeared on the market (15). This
situation has led o a guessing game of the Cy
ft-Ib vahie which should be used for estmating
the NDT und CAT temperatures of these steels
for the purpose of applymg the new design
principles to engineering practice. The dangers
inherent to such free use of the Gy test 1s illus-
trated by the pressure vessel burst tests described
in the previous section. The NDT temperatures
for these two Q&T steels would have been pre-
cicted in serious error by a guessing estimate
that a low position on the energy curve correlated
with the NDT, as is the case for a wide variety
of common grades of structural and pressure
vessel steels. The actual position of correlation
is near the top portion of the two curves, over
100°F above the low Cy position region. The
alternate concepts of correlation based on percent
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“fibrosity” (shear Iraction), and on lateral expan-
sion are likewise shown to provide Tor similar
crror based on the popularly accepted criteria
related 1o low levels of the respective tramsition
curves. The only safe course, in considering
characteristically new types of steel, is 1o establish
reference correlations of ND'I and Cy data. The
same could be said of CA'T vs Cr data.

POTENTIALS AND LIMITATIONS
OF THE CHARPY V TEST FOR
GENERAL USE IN RELATION TO
THE FRACTURE ANALYSIS DIAGRAM

The Cr test may be considered as the only
practical method for the indirect determimation
of NDT or CA'T temperatures. This is presently
the most realistic view of the position of the Cy
test and it will remain so antil other approaches
are  developed  which  provide  better  design
guidance than presently aflorded by the NDT
or CAT indexed fracture amalysis diagram. "T'his
latter approach required almost 15 years of
development and “prove-om™ time. It is unlikely
that a radically new and different approach will
be developed ina shorter time cycle in the future.

From this point of view, we may now analyze the
potentialitics ol the direct NDT and CA'T test
methods Tor competition with the Cyotest as
tests for general usage. CA'T 1ests are expensive,
dillicult 1o perform, and serve primarily as
rescarch laboratory tools. The drop-weight test
method for the direct determination ol the ND'T
has the potential of displacing the Cy test by
virtue ol being inexpensive and casily performed
by any engineering laboratory. The recent adop-
tion (6) ol the drop-weight test as an ASTM
tentative standard (ASTM Designation E208-63T)
is a0 major step in this direction. The advamtages
and disadvantages of the drop-weight test in
comparison with the Cy test for purposes ol
general usage ave as follows:

Drop-Weight Test  Charpy V Test

Natnre of Secondary

standard

Primary

Approximately (0
to 30X that ol Cp,
depending on
specimen

Amonnt of
material for
determination

Varies with
steef

Reprodncibility  Uniformly high

AND PP PUZAR

Drop-Weight Test — Charpy V Test

tflect ol None Marked

directionality

Cost for Esscntially cqual

deternnination

Restricted b General

growing rapidly

tndnstry
Familiarity

The relative advantages and - disadvantages
are such as to place the two tests in conpetition
tor Tuture general Favor; presently the industrial
Famiharity with the Cr test gives it an undisputed
lead.

The long range trends will reflect the degree
ol difhculty and complications developed i the
use ol the Cr correlation for determinations of
the ND'T temperature or the CA'T. The experi-
cnce to date i the correlation use of the Cr test
has been favorable for common grades of struc-
tural steels. However, the preliminary expeni-
ence with extension ol Cpr correlation use to
other types of steels has disclosed serious limita-
tions. Morcover, complications of interpretations
of dilferent C, curve “shapes™ and ol specimen
orientation effeas provide lor ready pitfalls 10
the unwary. The general view of the authors,
based on extensive studies of the problem arcas,
arce that the potentials for the use of the Gy test
will sulfer irreparable harm il the deliberate
development of propev procedures and education
of the cngineering field 1o these procedures is
by-passed by guessing games as to the proper
sclection ol Cp criterta for new steels. FThus,
the  discussions follow will be directed 10
expositions ol the present state of knowledge
and to a call Tor caution i the expansion of

to

the engineering use of the C ptest,

Semikilled and rimmed  steels of low Mn/C
ratios arc characterized by surprisingly repro-
ducible Cr curves with relatively litde scatter of the
data points at all test temperatures, as illustrated
in Fig. 3. A typical correlation of the drop-
weight NDT temperature with Gy energy s
indicated by the large solid point. Tests of a
large number of such steels provide a glamorous
example of reproducibility of the Gy correlation
energy (Fig. 14, lett). In fact, it may be observed
that the correlation range differs shghtly between
the rimmed and semikilled types.

The general effeat of increasing the Mn/C
ratios on the transition temperature, shape, and
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Fige LU= Hlusirating the rmge and sanation ot Cy correlations for ditferent steel v pes

reproducibility of the Cy curve s illustrated in
Fig. I5. The general trend 1s an increase in the
upper shelf level, a decrease i transition temper-
ature, and an micrease m the Cp data scatter at
any test temperature, The Cy cenergy valie
which  correlates with  the NDT temperature
is also increased as shown in Ing. 4 (center)
for nommally 0.18% C, 0.75% Mn compositions.
The conservative  “high end  of  correlation”
Cr energy value of 10 fi-lb which apphlied to the
steels of low Mn/C ratios now becomes a Cy
value of approximately 15 fi-lb for the steels
with higher Mn/C ratios. The correlation range
for A302-B steels shown in Fig. 14 (right) indicates
a similar “high end of correlation™ at a Gy value
of approximately 30 to 35 fi-lb.

Cursory reflection on these ranges would indi-
cate that ND'f determimations for the steels which
correlate i the G 5 1o 10 ft-Ib range would be
maost aceurate |)('('ill|$(‘ [I](' (:l ('()I'I'Clilli()ll uneer-
tmaty is only 5 ft-lb. Conversely, the steels which
show a Gy 15 10 35 fi-Ib correlation range would
be judged as exhibiting poor correlation. This
analysis neglects consideration of the shape of
the Cr curves. The very low slope of the curve
in the b to 10 fi-Ib range ndicates a corresponding
temperature range of 30° to 40° F, while the I5
to 35 ft-Ib range for the steep Ci curve assoctated
with steels of high Mn/C ratios may indicate a
similar  corresponding temperature range. We
would conclude that, neglecting scatter effects
which are usually related 10 steep curves (a
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separate problem), the correlation uncertainty
for the described steels is approximately the same,
The important aspect of the use of the Cr test
for ND'T' correlation is the temperature uncer-
tainty and not the Cr energy range uncertainty
per se. Steels which have a well-established corre-
lation basis and which do not exhibit excessive
scatter  generally - provide for indivect deter-
mination of ND'T within a ®15°F range. For
steels which show large scatter, such as the ex-
perimental low carbon, high manganese stecl
ilhustrated in Fig. 15, the accuracy of the NDT
covrelation depends on the number of Gy tests
conducted at a given temperature. The excessive
scatter developed by this steel is not uniquely
related to the “low™ (0.12%) carbon content,
because similar Cy seatter was reported to charac-
terize all plate thicknesses (34 10 1-3/4 in.)
and all heats (two 25-ton heats and seven produc-
tion 300-ton heats) of the experimental, senn-
killed steels ranging from 0.12 to 0.20% C and
1.00 to 1.35% Mn (16).

With the Farge amount of data available for the
0.02% C, 1.25% Mn steel shown in Fig. 15,
we may draw a fitted cnrve through the data
scatter indicatng a Gy 30-fi-lb - vansition
0°F. te will make relatively lide diffevence if
the NDT correlation is 20, 30, or 40 ft-lb; the
steepness of the “average™ Gy curve will result
i an estimate of NI ranging from -10°F 10
+HIOF (dvop-weight tests of this steel revealed
an NDT temperature of 0°F). However, major
uncevtainties will result if existing ASTM proce-
duves and retest provisions of A300 (“Specifi-
cation for Steel Plates for Pressurve Vessels for
Service at Low Tempevatures™) are employed for
Cr guavantee of the NDT for steels which show
luge G scatter. These procedures would pro-
vide for tests of three Cp specimens at a “single”
specification test temperature (say 0°F) to deter-
mine if the steel has a minimum energy value of
30 fi-Ib (assumed NDT cquivalent) at the specihi-
cation tempevature. For the low carbon, high
manganese steel shown in Fig. 15, the three Cy
specimens may give average values of 80 ft-lh
or 15 ft-lb, thus passing or rejecting this matevial
on statistical happenstance. The foregoing is
admittedly an extveme case which should not
prejudice the applicability of Cy testing for
steels having reasonable scatter. The intelli-
gent attitude should be to recognize that the
Cy scatter problem exists for compositions of

AND PP PUZAK

very high Mo/C ratios and that safeguards of
expanded testing (more specimens per temper-
ature, andfor more test temperatures to develop
a curve) should be applied for such sieels. It does
not follow that simikw expanded testing should
be applied needlessly for the steels which charac-
teristically  show small or moderate Gy data
scatter. The  benefits - which accorue from Cp
control of notch ductility of steels require addi-
tional understanding of the Cr test characteristics
of the different steels.

Another area which vequires additional under-
standing is that of the effects of directionality
which the steels acquire as a result of rolling or
forging (11,17). The general effect of Cr specimen
orientation with respect to the direction of prin-
cipal rolling for a plate is illustrated in Fig. 16.
The principal feature illustrated by these curves
is that the effect of specimen orientation is absent
at the low end of the tramsition range and most
pronounced at the upper shelf. At the low end,
the Cy spectmens fracture ina completely cleavage
(brittle) mode. This mode of fracture is insensi-
tve to ovientation of the fracture path. Ductile
(shearing) fractuve is sensitive to  orientation;
thus, the directionality effea becomes move pro-
nounced the livger the area of ductile fracture
in the Gy specimen and most pronounced at the
upper shelf, which involves completely ductile
fractures.

The drop-weight specimen breaks only in the
brittle nrode; thus, the NDT determimation is
orientation insensitive similarly to the Gy speci-
men fractured at the low energy range of the
curve. As described, the correlation of NDT to
the Cy energy curve occurs at low positions for
certain steels and at intermediate positions for
others. This means that the steels which corve-
late at low points of the Gy curve ave not involved
with Cy specimen orientation cffects. However,
the steels which corvelate at levels of Cy energy
which relate to a partially ductile fracture will be
involved with Gy specimen orientation effects.
It is then necessary to specify the Cy specimen
orientation for which the NDT corvelation applies.
For plate material, theve is an established conven-
tion that the long axis of the Cy specamen is
oriented in the divection of principal volling
with the notch oriented in the plate thickness
direction. The problem then is simply one of
correct identification of the rolling direction.
For forgings, the selection of the principal forging
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direction requires a knowledge of the forging
sequence.  Complications may therefore arise,
particularly for ecconomic selection of stecls
which requires accurate NDT determinations.

The various discussions above point to certain

arcas which would benefit from expanded use of

the direct NDT test method. Basically, these
are the areas for which there is either uncer-
tainty or complications in the use of the Cy
specimen as a correlation tool. These are: (a)
steels for which correlations have not yet been
established; (b) cases involving specimen orienta-
tion uncertainty, particularly for forgings, and

(¢) steels which feature characteristically large
Cr data scatter. The above areas of uncertainty
or complications still leave very large arcas
for the successful use of the Cy test—specific
problems should not be a cause of general preju-
dice.

SUMMARY OF NDT DATA OF INTEREST

TO PRESSURE VESSEL FABRICATION

The rapidly developing background of infor-
mation on procedures for the prevention of
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britle fractures has resulted in an increasing
demand for fracture toughness data for the
common grades of strnctural steels. In eflect,
the design engineer has awakened 1o the realiza-
tion that large tonnage production steel mill
procedures are sufliciemly reproducible so that
a particular grade of steel of a given thickness
range may be categorized by an expected range
of NDT or crack-arrest tearperatures. However,
there is no published compendiun of such data
to serve as guidance. In eflect, the information
on the use of these procedures to provide frac-
ture-safe engineering design of steel structures
has preceded the development of the necessary
handbook diaa.

The primary specification  vequirements for
steels mvolve controls on chemical composition,
tenstle test properties, plate thickness, deoxida-
tion practice, and the use of normalizing heat
treatments.  Detailed  scrutiny of  the  various
specifications reveals that closely similar counter-
parts to the old and the improved ship plate steels
can be fonnd in the common grades of pressure
vessel steels. Thus, information  developed i
the course of ship steel studies is direatly apph-
cable 10 pressure vessel steels. For example,
except for deoxidation practice, miany of the WW2
ship fracture steels would comply to the require-
ments specified for ASTM-A212 Grade B steels
of plate thicknesses less than 2 i The pre-1956
ABS-B ship plate steels would comply 1o the
requirements for ASTM-A201 Grade B pressure
vessel steels. The imposition of additional requive-
ments involving  normahizing  heat  treatments
and  higher manganese  contents specified by
ASTM A300 results in a correspondence of
A201B pressure vessel steels with the ABS-C
ship plate steels.

In contrast to ship fabrication practices, thernial
stress relief heat treatments are generally re-
quired after weld fabrication of pressure vessels
intended for low teniperature service. Extensive
studies reported previously (14) and confirmed
in recent NRL tests have shown that thermal
stress relief heat treatments do not significantly
affect the NDT temperatures of the structural
steels. Recent practices of accelerated cooling
(spray cooling) of heavy sections from the normal-
izing temperatures for steels intended for nuclear
pressure vessel applications has promoted general
interest in such treatments for nonnuclear pres-
sure vessels and other applications. Such steels

PELLINT AND I I, PUZAR

should be considered as a class distinet from the
as-rolled and the normalized varieties.

It should be appreciated that steels produced
by large scale commercial practices have a quality
range which results from mill processing variables.
I proper statistical vandom selection of stecls
is made, the NDT frequency distribution range
of a partienlar grade of steel features a bell-
shaped Gaussian distribution curve, as illustrated
in Fig. 17. This curve represents the NDT fre-
quency distribution established  for the WW?2
ship fractnre steels; the actual points were pre-
sented in Fig. 40 of Ref. 2. The ND'T frequencies
of the Navy high tensile steel (FHTS) and of
ASTM A441 steels are given in this fignee as
additional illustrations of the generally expected
Gausstan distributions. Both steels are essentially
cquivalent in respect o chemical specification
requirements; the improved NDT of the HTS
steel refleas the addivonal requirement for
normalizing heat treatment.

A summary of NDT frequency distributions
of the ship plate and structural steels is provided
w Fig. 18, In summarizing the available NRL
data, the anthors have estinated the limits ex-
pected for the various thickness groups normally
specified. T cases where the estimates are based
on relatively few NDT test samples, Gy data
available in the hterature were studied for approxi-
mation: of the indicated Tmits. In general, a
moderate mmprovement in the NDT with de-
creasing  thickness is observed for all stecls.
Normalizing heat treatments result o a 40°
to 60°F decrease in the NDT compared to the
as-rolled condition. Accelerated cooling of heavy-
section steels s noted 1o he benehicral, partic-
nlarly for the heavy sections.

THE “LOW ENERGY TEAR”
FRACTURE PROBLEM

The previous sections of this report were aimed
at presenting a clarification of the “transition
temperature,” brittle fracture problem. Attention
shall now be directed 10 a new problem area
which derives from the use of high strength
Q&T steels. Potenuial fracture in some Q&T
steels and weldments is possible by a temperature-
independent  fracture  mechanism  which  the
authors have previously designated “low cnergy
shear” fracture (3,4). This designation relates to
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fracture  propagation not mwvolving a cleavage
mode but resulting from avery low energy absorp-
tion i tearing,

Electron  microscope — fractographic — studies
conducted at NRL by Beachem and Edwards
(18-20) have shown that the microscopie appear-

ance of “low energy tear” fracture surfaces of

high strength steels involve either one or more
ol the following chavactevistic modes: (a) the
opening up of a large number of voids of elliptical
cross section with early rupture of the bridge
volumes between the voids; termed “dimpled
rupture,” (b) the “decohesion” of grains by
separation through intergranular paths; termed
“grain-boundary rupture,” and (¢) transgranular
fracture along planes of no presently provable
orientation relationship with the crystallographic
structure through which it passes; termed “quasi-
cleavage rupture.” This evidence suggests that
“low energy tear” is the proper definition for
noncleavage fractures of low energy absorption.

The  chemical  composition,  strength — level,
and microstructural condition of the steel deter-
mines which one, or combination, of these modes
predominae for a parncular fracture. HAZ
regions are particulaly susceptible 1o the “grain
boundary rupture” imode due to the develop-
ment of unfavorable microstructural conditions.
At high yield strength levels, Q&1 steels of 0.40 %
or more carbon are also prone to the development
of “grain boundary ruptures,” and those with
less than approximately 0.35 % carbon are suscep-
tible to the development of “quasi-cleavage
ruptures.”

The Gy test rvecognizes energy absorption
differences in ductile tearing by the level of the
upper shelf. Figure 19 illustrates the improve-
ments in transition temperature and in ductile
tcaving energy that may be obtained by shifting
from the normalized (HTS) stecls of approxi-
mately 50 ksi yield swength to a high alloy,
Q&T steel of 80 to 90 ksi yield strength level,




W, S, PELLINDT AND PP PUZAKR

l i l T l 1 l 1 ] I ] I I I I I ] ! I
AS ROLLED STEELS

WORLD WARI ¥g"-1" 2,42 ]
ABS-B (PRE '56) L7 |I|I|I|- m
" L LEGEND
ABS-B (POST ‘56) 4" [ MMM "~"""%  —test LTI ,«
CA | — 2077
ABS-EXP'T'L. Lo
"L ...... e
3/4" -
AZOI-B “/4ll_2||
34" S IIIIIIIE‘]IIIIIIIII """" [ _______
A44| 1"~ 12" 1 !
2"-3"
3/4“:‘ """ |
A242 MOD. I'-1l2"
2 -3 e
A212B  1Vs" & 11" S 7,
NORMALIZED STEELS
j'_'_'_‘_'_'_'_'_'.l " ABS-C
,3../42.. HTS(002-006%V)
IIIIIIIIIIIIIIIIIIIIIIIEII IO 34" 175 (0.08-013%v)
2 ,|
L 34"-1"
W - - A20I-B
-~ . | 3"86" SPRAY COOLED
(e [ 3/4
U T e A44)
i K\\\\ SNNY_____ 1 2"-3"
3/4"
"-1h2"  A242 MOD.
2"-3"
_________ T A2128
h__ 4" -6>" SPRAY COOLED
COARSE GRAIN 2"-4" EENNNWNANNES
A302B FINE GRAIN 2 4,:',__;"_______;
SPRAY COOLED 4%5-6"1 ___ N\\3N\\______ !
|.1.1,|,1,|.1.|LJ11.1

-lo0 -80 -60 -40 -20 O 20 40 60 80

NDT TEMPERATURE (°F)

Fig. 18 - Summary of NDT Irequency distributions for ship plate and structural grade steels




NRL REPORT 6030 9

-~
o

FULL SHEAR

HTS

FULL
SHEAR

| | |

-160 -120-€0 -40 O 40 80 120 160
TEMPERATURE (°F)

Fig. 19 - Representative Cy test energy transition curves for HTS and HY-80 steels
compared to those oFiltraliigh strengtl (180-200 ksi yield) steels

designated as HY-80. It is not implied that all
Q&T steels of this strength level will have such
excellent  combinations of high shear energy
and lew wransition temperature but that an
optimized composition can be made to have such
properties. The general effect of increasing the
yield strength of Q&T steels to levels of 200 ksi
and higher is illustrated by the lower curve of
Fig. 19. At such strength levels, the very best
steel compositions feature Cy shelf energies in
the order of 15 to 20 fi-1b.

The effect of very low levels of energy ab-
sorption in the tearing mode is to provide for
the initiation of fractures from small flaws at
clastic stress levels close to yielding. Large flaws
may then be expected to result in fracture initia-
tion at lower levels of elastic stress. The rocket
case fracture illustrated in Fig. 5 initiated from a
flaw of approximately 1/4-in. dimensions when
the hydrostatic proof stress approached the
yield strength level of the steel. The fracture
surfaces did not involve the presence of cleavage.
A fracture analysis diagram interpretation
of this fracture is illustrated in Fig. 20. This

diagram represents the rocket case steel as frac-
turing due to the presence of small flaws when
loaded to near yield levels of stress at temper-
atures above the FTP (full shear) transition.
The effect of increasing flaw sizes is illustrated
schematically by a family of fracture initiation
curves. The modification of the fracture analysis
diagram for the case of low energy tear involves
a general depression of the fracture initiation
curves to lower stress levels, as indicated schemat-
ically by the large curved arrow. The problem
of categorizing the level of tear energy which
corresponds to particular combinations of flaw
size and elastic stress for fracture initiation in
the low energy tear mode is a matter of active
current research by the authors.

We shall now consider various basic metallur-
gical factors involved in the development of low
energy tearing for plate material and for weld
heat affected zones (HAZ). The effect on Cy
properties of increasing strength level in a given
Q&T steel by tempering at progressively lower
temperatures is shown by data for an AISI 4320
steel, Fig. 21. The data represent values obtained
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for optimum Q&T heat treaumems with small
specinten blanks aimed a the development of
proper, fully tempered martensitic (optimum)
microstructures. - A progressive  enibrittlement
is mdicated by the shift m the curves and the
higher NDT temperatures (farge dots on cach
Cy curve). The decrease mtearing energy is
emphasized by he large arrow indicatng the
drop in Cy shell energy, with increasing strength
fevel (from 91 to 166 ksi yield).

The drop in the shelf level of the Cy curve, and
the increase in transition temperature resulting
from increased strength for the Q&T steels
featuring optimum microstructures presents one
aspect of the low energy tear problem. Another
aspect 15 the development of  microstructural
deficiencies resulting from inadequate harden-
ability of the steel, or improper heat treatment
of the plate. Similar conditions of unfavorable
microstructural - conditions of the HAZ may
result from the use of improper welding proce-
dures. Depending on the welding heat imput and
travel speed, HAZ arcas may be quenched from
too low, or 100 high, temperatures or quenched
with too slow or too fast cooling rates, resulting

in hard zones or in mixed microstructures mvol-

ving upper bainite, free ferrite, pearhte, ov
possibly retamed austenite.  Isothermal  trans-
formation (I-T) heat treatments of the AISI 4320
steel, Fig. 22, illustrate the possible embrittlement
and drastic decrease in tearing energies at ambient
temperatures that may be developed in the HAZ
arcas of Q&T steels. Inferior microstructures
may reduce the Gy propertes to the indicated
low levels even for fully tempered HAZ of low
strength level In other words, stress relief may
amchorate high hardness HAZ conditions but
serves little purpose for improving a HAZ which
features inferior microstructures. Itis not implied
that all Q&T steels are prone to the development
of such low HAZ fracture toughness properties.
The use of proper welding procedures could
result in HAZ of high fracture toughness.

The example of the rocket case rupture iltus-
trates a low level of fracture toughness which is
mherent 10 the best Q&T steels of very high
strength  (above 180 ksi yield strength) and
cannot be overcome by alloying or heat treatment
improvements. Thus, the successful use of such
ultrahigh  strength  steels must be predicated
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on fabrication, inspection, and  design quality
of the highest order. This translates to acrospace
mdustry - practices involving “thousand  dollars
per pound™ cost for the fabricated product. In
contrast, we  shall now consider “dollars  per
pound™ fabrication of conventional pressure
vessels with the imtent of  demonstrating an
intimate relationslip between the gradations of
quality within this cost reghne and the fracture
safety of Q& T steel pressure vessels. Conpetition,
which results in- depressing “quality” 1o helow
ninimnm tolevable levels, may have a serions
cffect on the relizhility of such struetres. The
Q&1 steels which provide welded  fabrication
capabilities i the “dollars per pound™ regime
are presently restricted to the range of 80 10 120
kst yield strengths, Accordingly, the discussions
that follow relate strictly 10 Q&T steels of this
vield strength range (designated 807120 Y.S.).

Fracture-safe analyses of the potenual fractore
maode of pressuve vessels constrncted of 80/120
Y.S. Q&T steels regnive separate considerations
of the transition temperature and the low energy
tear problems. The transition temperature prob-
lem may be analyzed in tevms of the fracire
analysis diagram provided the ND'T temperame
is known. Once the NDT has been determined,
i is necessary o analyvze for possibilities of low
energy tear problems i either the plate or TIAZ
at temperatnres above the transition range. In
other words, the tempevature vange above the
CAT transiion  curve cannot be  considered
invariantly safe, as it can for the case of low
strength, mild steels of high tear energy proper-
ties. ‘The possibilities of low enevgy tear fracture
problems for these steels are highly dependent
on the composition and heat treatment. Some
steels may featnre very Ingh tearing fracture
energy (no problem) while others may be of
sufliciently low value to require flaw size analysis.
The very low Gy shelf levels which chavacterize
some of these steels mdicate relatively  poor
plate tear energies, particularly in the “weak”
direction ol poorly cross-rolled or  straight-
away-rolled materials. Steels with such features
could develop low energy tear fractures of the
plates at ambient temperatures, similar 1o that of
the vocket case example (Fig. 5) but for much
larger flaw sizes.

Even if it is detevmined that low energy tear
fractnre 1s not a possibility in a given 80/120
Y.S. Q&T steel, there remains a question as to
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the characteristics of the HAZ. In fact, for these
steels, the HAZ properties present the most
crucial questions becanse the HAZ is the clement
of greatest potential variability. All Q&T steels
are susceptible o HAZ degradation resulting
from improper welding procedures, but some of
these steels feature a comparatively high propen-
sity for HAZ degradation even with the best of
welding practices. Severe HAZ degradation niay
result in {ractore initiation at ambient temper-
atres from: relatively sniall flaws that are sub-

Jected 1o high clastie stress levels (located  at

points of unfavorable geometry). Iracture prop-
agation way then proceed along the TIAZ path
into regions of relatively low clastic stress levels.
In essence, such weldments fractre by HAZ
sepavation, leaving the plate sections essentially
fracire-free.

At present, there are no generally pmcliml,
laboratory means of conducting HAZ fractme
tonghness  evalmations. The authors’ approach
to this problem for the past twelve years has been
toconduct explosion bulge tests. Figure 23
histrates the behavior of a Q&T steel which fea-
tred low energy tear fractuve properties mn the
HAZ. A Navship  Standard  procedurve  (21)
devived from this approach relies not only on
performance exhibited by as-welded samples but
also on weldments 1o which a evack-stavter bead
15 added for the muoduction into the HAZ of
a brittle-weld-crack flaw (approximately 1/2 in.)
to provide a realistic flaw condition. The fracture
toughness of the HAZ s then judged on the ex-
tent of HAZ teaving which results from the appli-
cation of low or high levels of bulge deformation.
Quahfication of a steel and its associated welding
procedure by this method assures that no HAZ
paths of low fracture energy will be present in
ship structures. It is mportamt to note that this
is the last step in qualification —the steel and weld
metal ave previously investgated to ensure that
high fracture toughness is inherent to these two
potential fracture paths. Quality control is exer-
csed Dy Cy speafications of plate and weld.
Following the HAZ qualification, quality control
is exercised by requivements for strict adherence
to the welding proceduves which qualified the
HAZ fracture path.

‘The foregoing generalizations require some
“case m pomt” examples o illustrate the realities
of the problem. Tn this respect a comparison of
high alloy (HY-80) and lcan alloy (commercial




80/120 Y.S.) Q&T steels serves to highlight some
aspects of the influence of the cost element on
the attainable levels of fracture safety assurance.
The cost of the high alloy steel plate is approxi-
mately twice that of the best of the lean alloy
varieties —competition  within - the  lean  alloy
range influences the spread in cost. The cost of
fabricating  both  tvpes of steels is primarily
refated to the fabrication quality aim, and is rel-
atively independent of the basic cost of the steel.
The term “cost™ 1s used herein to signify economic
factors which affect the choice of the steel. From
a metallurgical point of view the element of steel
cost is relatable 1o alloy content and alloy content
is relatable to heat treatment and welding re-
sponse. As the alloy element content is decreased,
it becomes more difhicult 10 develop “fracture
tough” microstructures, both in the heat treat-
ment of the plate and in the welding transforma-
tions of the HAZ. Thus, a cost-clement pressure
for the use of alloy lean steels creates an increased
requirement for exacting control of welding
conditions because of the increased possibilities
for degradation of HAZ properties to low levels
of fracture toughness.

The fracture toughness level of the HAZ is
relatable 1o the inspection quality that is re-
quired—the lower the fracture toughness the
more exacting is the requirement for inspection.
Similarly, the lower the fracture toughness, the
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Fig. 23 - Iustraing a low energy tear fraciure in the HAZ of a Q&T sieel weldment

lower the tolerance for design imperfections,
fit-up deviations, and other factors which affect
the level of stress applied to HAZ regions located
at points of geometric discontinuity. In other
words, the alloy content of the steel is a key ele-
ment to the fracture-safe design analysis.

HY-80 steels serve as an example of a high alloy
steel. This steel has been restricted primarily to
military and other critical applications because
of its comparauvely high cost. The high amounts
of Ni, Cr, and Mo used for HY-80 represent a
balance designed 1o maxiize toughness and
to promote optimum microstructural response on
welding  thick sections. The average HY-80
plate has an NDT ol approximately -160°F. This
signifies that the material develops full shear
fracture (FTP) to temperatures as low as -40°F,
The CAT for stresses of vield stress level is
approximately -100°F, Weld metal which approxi-
mately matches these characteristics is available
for this (80 to 90 ksi) yield strength level. The
use of proper welding procecures with the HY-80
steel results in HAZ of very high fracture tough-
ness, as illustrated by the explosion bulge test
sample of Fig. 24. Weldments of properly welded
HY-80 may be used to very low temperatures
without complications of either brittle fracture
paths or low energy tear fracture paths. The same
HY-80 may be welded improperly, resulting in
a. fracture toughness degradation of the HAZ
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imvolving brittleness at low temperatures and/or
fow energy tear fractnre at ambient temper-
atures. Thus, the relability of such HAZ de-
graded weldments hinges entirely on the specific
metailargical condiion of the HAZ, the flaw
size that niay be present i such zones, and the
stress level normal to the hine of the HAZ.

A wide variety of 80/120 Y.S. Q&T steels less
expensive  than HY-80 have been  developed
for welded fabrication. These steels have rela-
uvely low Ni, Cr, and Mo contents. The specific
compositions depend on the thickness range of
the plate material and on the desired balance
between cost and other factors. Some of these
steels are balanced in the direction of nini-
mizing cost and others on the direction of maxi-
mizing toughness and weldability —within the
limits of the balance that provides for economic
competition. The only generalization that may be
made regarding these steels is that they cannot
be lumped into a single category as the yield
strength range may suggest. The plate fracture
toughness, the HAZ degradation to be expected
within controlled welding limits, the effects of
exceeding welding limits, etc., are highly specific
to the metallurgy of these steels. Unfortunately,
some of these steels are being used without suffi-
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Fig. 24 - Hlustrating the high fracture 1oughness characteristics of properly welded HY-80 steel.
All ruptures i the plate, weld, and HAZ represent high energy absorption tears.

cent laboratory information on fracture tough-
ness or on required welding limits. Another
general problem that these steels pose for a
fracture-safe design 1s that the information on
the necessary welding controls, mspection qual-
ity, and design quality requires intelligent appli-
cation beyond that which is usually exercised in
average shops.

We shall now consider the characteristics of
the more highly alloyed grades of the commer-
cally available steels having  guaranteed yield
strength propertes m the 80 to 100 kst yield
strength range. It is emphasized that these dis-
cussions do not apply to the “leaner” (cheaper)
steels of this strength range. 1t is emphasized
also that the discussions apply to plates of the
thickness range covered by notch ductility guaran-
tees. The expected NDT of these steels is in the
range of -50° to -100°F, depending on thickness.
The approximate CAT is in the range of -40°
to 10°F, and the full shear temperature is in the
range of 0° to 50°F. In effect, these steels should
have good fracture toughness to low sevvice
temperatures if the fracture analysis diagram is
applicable. Service experience indicates that this
is the case insofar as plate material of firebox
quality is concerned. However, a few failures have
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been reported m service and in hydrotests in-
volving HAZ fracture paths. Failure analysis
in such cases is almost an impossibility, because
it involves assessing the fracture toughness of
the HAZ and there are no methods for doing
this. The general conclusions that are usually
drawn in such failure analysis is that the fabri-
cation resulted in the development of adverse
conditions such as mismatch, large bead relief,
and cracks or that fatigue action resulted in cracks.
These findings implicitly emphasize the fact that
the sensiuvity of the degraded HAZ path to fac-
tors which mvolve flaws and high stresses is the
general problem. The use of these steels at high
stress levels (as presently hmited by Codes, or
to higher stress levels as is advocated) demands
close adherence to proper welding practices,
good inspection, and quality design of details.
If these are provided the weldments perform in
a tough manner; if these are ignored the fracture
safety of the vessel may be compromised.

The wide range of sensitivity to HAZ deteriora-
tion to which Q&I stecls are potentially subject
makes it imperative that HAZ qualification test
procedures and stringent quality control prac-
tices be developed and adhered to. The welded
fabrication of Q&1 pressure vessels requires
quality shop practices backed by a suflicient
amount of well digested technical information.
In cffect, shop control must involve technical
supervision.  The  problems  of  fracture-safe
welded fabrication of high strength Q&T steels
have certain similarities to the problems encoun-
teredd with the new  precpitation  hardened,
carbon-free martensite steels (maraging type).
Fhese steels when heat teeated o very high yield
strength levels are also subject o low energy
tear plate fracteres inttiated from: small - flaws
loaded 1o high elastic stress levels. Weld and
HAZ characteristics of these steels are presently
relatively undefined and no significant connment
can be offered.

REFERENCES

1, Williams, F.S.G., "Thick-Wall Pressure Vessels,” American
Sodiety Tor NMetals, Metals Engueering Quarterly, 3 (No. 3):
15, Ang. 1963

2. Pellini, W.S., and Puzak, P12, “Fractove Analysis Diagram
Procedures Tor the Fracture-Sale Engineering Design ol
Stcel Strnctnres,” NRL Report 5920, Mar. 15, 19635 also
Welding Rescarch Conneil Bulletin: No. 88, May 1963

c

-

w

[=>}

ot

x

=

oo

=t

!

~I

20,

P, P PUZAK

. Puzak, PP, and Peing, W.S., “Evaliation ol the Signili-

cmee ol Charpy Tets Tor Quenched and Tempered
Steels,” The Welding Jmernal, 35(No. 6):275 (June 1956)

. Babecki, A,)., Puzak, P.P., and Pellini, W.S., “Report of

Anomalous ‘Briule’ Failuves ol Heavy Steel Forgings at
Elevated Temperatine,” ASME Publication, Paper 59-Met-
6, May 1959

NavShips  250-634-3, “Method Tor Conducting Droj-
Weight Test 1o Detemine Nil-Ductility Transition Temper-
ature ol Ferritic Stees” Aug. 21, 1962

ASTM Designation F208-63T, “Tentative Method for

Condneting Drop-Weight “T'est to Determine Nil-Ductility
Transition Temperatre of Ferritic Steels,” Apr. 29, 1963
Hall, W.]., Nordell, W,J., and Munse, W.H., “Studies on
Welding Procedures” University ol Hlinois, Mar. 1962

. Vanghan. 11.G., "Comparison ol Fracture Data Tor Two

Failed Vessels,” Unitdl Kingdom Atomic Energy Authority,
TRG Report 576 (Ganfidentaal), 1963

CPizak, PO, oand Peing, WS, "Evaluation ol Notch-

Bend Specimens,” The Welding fournal  33(No, 1):187-s
(Apr. 1954)

. Williams, M.L., "Imestigation ol Fractued Steel Plates

Removed Trom Welded Ships,” Ship Strncture Comminee
Report, Ser. No. NBS3, June 1951

. Puzak, PP, Eschbacher, E.W., and Pellini, W.S,, “Innia-

tion and Propagation of Brivde Fracuwe in Strnctnral
Steels,” The Welding jmrreal 31(No. 12):561-s (Dee. 1952)

. Puzak, P.P., Schuster, MK, and Pelling, W.S., "Crack-

Starter Tests ol Ship Fracture and Project Steels,” The
Welding Jourual 33 (No. 10):48l-s (Oct. 1954), and SSC
Report SSC-77; alse Supplementary Note, The Weldiug
Jourual 34 (No. 4):196s (1955)

. Puzak, P.P., Babeeki, A). . and Pelling, W.S., "Correlitions

ol Brittle-Fracurre Senice: Failures with Laboratory Notch-
Oncility Vests,” The Welding Journal 37(No. 9):391-s
(Sept. 1938)

1 Pozak, PP, Schosten, MUE.and Pelling, W.S., "Applica-

bility ol Charpy Test Dati ™ The Welding Journal 33 (No. 9):
A33-s (Sept. 195:1)

- Drennan, D.C.oand Reach, DB "Properties ol Maraging

Steels,” DMTC Memonnd teny 156, July 1962

) Vanderbeek, RW., “Mcchanicl Properties ol High-
B

Manganese SemikilledStecel Plae,” Ship Strincture Commit-
tee Report SSC-144, . 1963

. ASM “Metals tandbook,™ 8th Edwion, Vol. 1, P 229,

American Society Tor Metals, Novelty, Ohio, 1961

. Beachem, C.D., "Elarony Fractographic Stdy ol the

Mechanisms ol Ductile Ruprure in Metals,” NRIL Report
5871, Dec. 31, 1962

- Edwards, A and Bachent, C, Characierizing Frac-

tres Tor Electron Fratography; Part 10, Fractography ol
Notch Tensile Specimeas ol 4300 Sevies Steels,” NR1.
Memorandum Report 139, Feb. 1963,

Beachem, C.D., Brown, BLF., and Edwards, A.)., "Cliarac-
terizing Fracures by Electron Fractography: Pair 12,
Hustrated - Glossary, Seetion ;- Quasi-Cleavage,” NRI,
Memorandinm Report 1422, Jine 1963

- NavShips 250-637-6, “Stavndard bvaiuation Procedures

lor - Explosion  Bulge Testing (Weldments)  Including
Preproduction Tests of [1%-80 Steel”




“I°d ezng
ST g

spoau
uI.J.M. -_— I.——u_'—.d:w—/.
ISEIN AINSSIL

udisaqq
~S[ISSAN AUNSSIAL ]

‘1

(&)

‘1

(1310) AALIISSVIDNN

AALYAL I [ S21med) diniadiual votsue pauyap-[as s
{ 0] [9a9] ssda1s pue
2718 wepp jo sdigsuonepa o sidap oy weatiegp SISA[RUI DAy
.v——- a—nu u-—.u—:A*nu—-d.f-dwu .d—_- —ﬂ—.-h.w n:v:.v.— s :——:u.:v-—n—nv nd.t.d-—.—. :
——uu-—v.—um L-Jw—nln_-— .*hu :-v_:u\:m—: .d——u ———m.ff n:wmu.u-:-:—:u.v ——_ ——-dtm.-—u 'dr—w——
sugord wou i o pine spassay aaussaxd w uSisap Aus-danneay ol
satproadde rynuats wan apdde o1 sonwntoddo AP o sisapea | yooy
proa,
~uoddns oyt saseq sau o wawdopasap aip aabaa Swprop s
puir Cspenomu smon S|

-,_.a_-—‘—r S[ons ,T- adaued uontsu) .4—: ut aanio

wosaud Lodat sup 1 ssease pEaBojonyaa pue syhuas S

AYY .—.J./—.vmn—u sauan ——my-.da_—:-d— .d.u_,f.—.dl. v -—

Aanssaad aaySy Suwiajoam suonesydde pssos aanssasd UL SpPaL g

‘EO61 "¢ doquuanoN sy pun cdd gg yeang cg-d
pur i d ST v CSTASSANY JUNASSHYd 4O NOISHAA FAVS
SHANIDVAA FILL OL VIYALIYD 1S1L FANIOVII AdOL
TVAOUVT ONIATIIY NI SNOLLVIIUAISNOD IVILLDVHL

009 1odoy SontoqT yorasay ey gt )

AILIISSYIDNA

RURUEE LN B |
STw g U

spoipaw
1S3 [ — SOy
—S[assON dansson] g

udiso(q

(49:20) AJIJISSVIONN

ALY dy [ Csaamud) nmeaddud vonsueal pauap-jam aary
UYDIYM S[I218 JO ITURL UONISURIL I} UL 34N 10] [24D] $SD0S pur
aa1s wepp o sdugsuoneas g sidap ogs weasep sisarue sanie
21 jo uomdopadp Ay wody sopof somunuoddo asay L cspos
PBUANS 1oYS1Y JO UONEZHUN T (1M UON3IULO) 1 UISLI DAy Jey)
swaqodd wau Ay jo pur spassan aanssaxd ur uSsop sjus-aaneay o1
sarproadde synuans mau sgdde o1 santunuoddo ay jo sisspene _yooy
pro1q, v siasaad vodas sny | cseaae eaiSojouyran pue synuats S
-uoddns o ut saseg mau o upwdopasp 2y aanbag Surproy oass
PUE CS[ELIDINU. Mo CS[EM . 121 Csoametadiudl 201adas 13m0y

aanssaad 1oyBy Survjoaur suonesydde jpssos oanssaad ur spuasy

‘€961 ‘S 13quuasoy sdy pue dd gg “yezng “J°d
pur wyPpd ‘ST 3q ‘STISSAA JUNSSAUD 40 NOISIA TAVS
JANLOVEA dHL Ol VIYALIYD LSAL FYNLOVIL AYO.L

VAOUYT ONIATTIdY NI SNOILVAIAISNOD TVILLOVHd
J0£09 1oday tiooqir oS3y [rary "§ N

UAIIISSVIONA

‘A—.u— ¢I——u-—n—
ST g

spoylaw
18D ] — s[euon gy
— s

A aanssaa g

udisaq
“da ouanssouyg

(dD20) AALAISSYTIONN

DU A sarnea) amraaduwar votnsai pougap-pgan sy
UDIHS S(201s O ATURL UONISUTLE D41 UL 2 DB 10] [2AD] SSa 18 pur
2718 wrgp jo sdigsuonzpoa o soredop [FRITE ST

BRI SIS pen o g
201 jo ausurdopaop A wiorp wopop saomuauaoddo RIRTTNE
——-d:....:n ,_.:_.l._: JO uonuznn 2} UM HOIDDIUITODY 1 uasiuir 9 ATV IR B

SO i Wau AL jo pure spassos stnssoad wr ussop sjesea oy o)
sarproadde Hguaans swou apddir orsomumsoddo oy jo sisaprae Rud
protg e sasaad podaa sy pooseaan earHojouy)Han pue sipnuans S
~uoddus s ur sostg wau o watadopaap agi anmbat Suprop npao
PUulr Cs[rnonta wau St N gl soannadinog oo wo|

ssaanssaad sy Sungosur suoneondde gassoy sinssoad tr spuaa |

‘€961 ¢ wqudoy s3y pur dd g¢ yesng g
Pui ] "SI A UCSTISSAN THLISSTHd 4O NOISHA J4vS
SHAALOVAL JILL O VIVILIED LSTL A0V AJO 1.

NVAOUNT DONINIAIY NT SNOLLVAIAISNOD “Iv)ILOVAJ
“0R0y ttoday Cvenroqerp oasasoy eEarN N

GAIAISSYIDN

FURUER LZALH B B
TR I B |

I—::——,::
IS [ —Srniany

=SEISSaN aanssa |

EhiteTy|

s GARTLANEER FITEL WY ¥ S |

(12a0) AALAISSVIIONN

RELIRABE RN S| saanuy -4-_———".~U-—~—_U— HMOUISURIl PIUGIP-[[oMm AV MY
A LI R d

:.u:—.: I—.uav—l jo anutt wmotsurg St .J,-:u.d:h‘— hAu.— —U.IU_ SSAUIS —U:—u

Az vy go sdigsuonepaa oy soidap qora teaSep siseue aanioeag
a1 jo :-‘v::—:_.u.f.u—u .u—-— -::.—vw .:Av——:.* .I,Um:.::-._:-—a—nv DS [ .I._.J.d_l
_:nJ.——‘d—_.l. ._.:—..J,m—_ .—Av :A::q\_.—:: QU —_:.5 ::m—,vnuC:AuQ :_ UasLI DA .n— :u——-
studqosd wau ag jo pun spassas aaussoad ur uSisap oy

=241y ol
sorprodde yynuons wau spdde o1 somunuoddo s o sIsA[rur  yooj
proag e sueasond odoad S [ SRR [IBO[OUIal pu a1

uats Jur
Lioddns syt saseg wou jo waswdapasp o annbar Suiproj RITEXS]
P CSSpriiomul o mou S [peRwm Nyt ssaanmduum MU HINO]

saanssaad ogRny Sutajosut suoneoydde [assas aanssoud Ul Spuas

‘€961 "¢ 1aquasoy iy pue ~dd gg yezng “g'd

PUT g ST M STASSE A AANSSTAd 40 NOISAA AAVS

TIOIOVYA JILL O VINALRD LSAL AYNIOVYEA XJOL

NVHOUVT ONIXTAAY NI SNOLLVIIAISNOD TVDLLOVEd
a0y 1odoy rowsoqrry yoanasay eaty g

UITIISSVION A




QATAISSVYTIONA

SIUAWUP[OM (IS ]
.wc I,-L:mm.d,— AU:CNI—V.J—VU':ﬂ:wﬂbn—v N/.*A— U-.—~ .m-.—ﬂ—-—,um-h-‘; —u:—.- .u:n_n_ .u£~ |—: suonpuoy i umm.“h:___.u.u-: R RN
-acks 01 paaL Suk N TSEOAd] YISUINS JIRIPHULIININT PUR MO| JO SIS ENO 1O IRy O 01 1aaogm
10u 2ae sampgudadsns yons e pazseydws sy danmaadwus jo wapunlapn ypaanepaa dro o
st pue sameadxchuyn UOIISURIY 2 22 [OAUL JOU S20D apout sundiag sty | .:C:l..:f—_u AAaosun MO| JO NIy

SORIY AEDE O1 AJIUEJ SIYY UM $[3218 JO $anIqndadsns sy moay aatap asay | uSisap ajes-aanne) jo
stajqord mau apnoad 01 PaAAdRD STSP215 1) 01 vomLqE] (a8 adnssaad jo towusixs prder oy
TISDT YD JO ISTE DY O] SIDLLIE DISEQ DA [Oalll O] Uep) 1ol T N1\ :_:.:Hv
jo voneadisurl SuussuiBua sambar 01 padnpap o o1y iRy Ayl Jo oS nonepLo) Syl ol
SOAYNDYIP [RNUI0Y 1891 | ,?rnLU RIS ;:,: UONDRELIOD v AU L0 18d] :_x_uﬁ.._.:_v RISRERYCERVERRRIT

—uU:_:_,_U-D*u se ._'du:t QL—,—: Uv:-:-.-.dn—_:.v- LGN Yy st ::V:J.-w:v SISHEUr 2mnpelj ay jo BTNV RN (S]] [HERITR R

AATAISSY EIN Y

(THAISSAYTON

SHEUPLS (D218 [ NO
jo /:C_...w..: T:_C\.—T:.vb:—T:u.:t N/..: RIR v4en :—.:.; pue .u:.—._ A1 Jo SUOLpio __.:./C::_:.:: ML
-atls o1 PO 2UE Y CS[AAD] ___».w:.u.:/. DILIPIAVLIDTUT PR MO Jo spans .J.du JOON IR} D1 o1 auaaatt
1wu oar sonipgudaosns yons ey pasziseydius <tap o onne dua o opuadapin spanep adopa
St —u_.:u U.:::.—.Z—F:u: :.._:/.:_w.: BN OAUT JOI 20D QPO 2Ny Sy} .::_:_.:.1._,. Taoaun WO JO NS
SN0} IO O AJIUNE ) ST UIY LM S[2218 O Satl]l 1EIONDS DL HIOT] DALIID IS | UBINID 2JES-D ML jo

stuajgord Mot spraoad 01 paadag ST s [N OF Honeugry assay arnssord jo tosaaso prdesan

RAN U——— %av BRI .J:~ O] /..h.:~:«n— :I—-; DN[OATT O] :_:_— —.«__:.— —.:u—w 1Nal oy ad 1wy
10 uonmoaadisiur Fuwaaming sambox o1 ponpap o o1y ey Sy jo s uonrp Loy oyt
SONILIPP (ENUMOF 1531 A AhIT) A M UONE 1I0) Ay A[DAPUL 1o 1831 1S sw-dorp ayn s spoaap
*vnd:_—:.—adu.dnd Se ._.u.duw .d:~ 10 Sanie: .un::.u- 1.AN oy s ::.-U__..:v SISy EUY aand MWL) I JO asn RIVE) 1O} LIy

(TATAISSVY N

QLEAISSVIDN A

SSIUIMIPPOM (2315 10O
[0 suoiisn (noz-pavage-aeay) Zy i o spepoiaed pue swepd o o savipuos poisangpmawe oSy
=ads o PO T oaE 1N S IFuaans

ITPANLIDITT PUP MO| O S[A318 —u%d Jo f‘:::m— SY1 O ULyt
1ot aar sontpgidoosas ns nap pozsiplun <oy

anezaadwm jo wapuatlapm Apangpa saopaat
SUPUE 21000 DT HONISITELT B O JOVHT 10T $20D 2Poit sanidy s ], nondiosqu A51aus o] jo saing

SR DL O AU ST TS SP21S o Sonigindansns 251 moa) 2aLop asay [ "uSsap ajes-auanniug (o

stajqoad wortoprioad or papadyo sEoaos 1) 01 nontagey (assas aanssoad jo dorsunixa prdes sy
I8l OH1 jO ONEE D1 01 SAAL: :uA— Vm.l.uuﬂ— .J.f_:.l:m ol —::—— ;—.J_L-—n'_ N—«wﬁu 1831\ ./.lhﬂr—”v

jo vonraadioiut FucooaiFno onnbon o1 posupop anr asar y Sdueyn) a1 Jo SN uONTALIOD Syl ul

lu.:_: :_:_v [LASISR IO N SR LR I NAY Aol :.._Hu .Z__ ::S :.__:u_.u.::.v .»ﬁ_ .z_-.u.::u:_ J0O )89 _;‘.umo.ﬁua_c,——v .u..t .wa_ ,z—-uu_,:—v
PAUTILIN D SE D018 211 o arniraadinion | I 211 ST URISEIP SISRUR SO0 atyl jO 80 341 10} PLIILD

AATAISSY N

ATEAISSY LN

TFIUDIUP[aAMm _UU—V. —;M.d
jor SUOIRa T (ot [ERIRRITRES LRI FRR/ATE § SR 13 :‘:._:.::.._ pur .::_.— a1 jo suonipuos :JTJLJ__E-U—C 211D
-ads oy IR N R LR EA LY IR R A 1| L_i:.:-m QRPN IDHE PUE MO JO S[39)8 _/Jd 1o »:::G <1 O aayut
1ou o sontqudbaosns yons e pazseyduan sy sameaadwm jo wapuadapur {panepos a10p21241
SEPHE D d D] ORI F OAMOAUTD TOU S0P 2potu aanoedy siy |, ‘uondaosqe AF12Ud Mo o saanl
SO} DT O AJIUT ] STHY IS SD30N O 1..:,:__.;_._;.4‘7,_7. A THOd} IALIOP BATIIR ‘:u_m.ﬁv .u\.muﬂu._:u.um.: 3o
sttajqo e woraptiod o1 popadxo srsaais D 01 toneuquy (assos aanssand Jo uosuaINg pidea sy 1

TINOL DT O OSIUOYL O1 STIOLLg OIS 28 josdl o) ueyl J1ayiea ﬂ:n*v 1831 A ,r,ﬁmr:w.r—mu

w._
SOOI FOUI0,] 1831y A 12 201 s Honeaaiod g Apaadiput 10 1521 14 Sam-doap sy 1q Apalip
PAUIIT IO N 00 O jo aannrne oadio 1LAaN 2y st :,::wr.:v St r.-ﬂﬂﬂ INEL] Y1 JO IsN IY) 10] BN

aadour SnuooswFns sunboa o1 padnpoap oar asar g ey Syl Jo SN uUonepRIIod Iy ul

(TALHISSYTON A




